Introduction
We reported recently that the cluster cation [H 3 Ru 3 (C 6 H 6 )(C 6 Me 6 ) 2 
(O)]
ϩ , used as its water-soluble tetrafluoroborate salt, efficiently catalyses the hydrogenation of benzene to cyclohexane under biphasic conditions. [1] From experimental and molecular modelling studies we concluded that the substrate molecule is incorporated into the hydrophobic pocket spanned by the three arene ligands, suggesting that the catalytic reaction occurs within this host-guest complex without prior coordination of the substrate (''supramolecular cluster catalysis''). [2] Furthermore, we were able to isolate the catalyst-substrate hostguest complexes postulated for two hydroxyalkyl derivatives as their tetrafluoroborate or hexafluorophosphate salts [C 6 H 6 ʚH 3 Ru 3 {C 6 H 5 (CH 2 ) 2 OH}(C 6 Me 6 ) 2 4 ]. [3] However, on the basis of the data obtained so far, [4] we cannot exclude catalysis by ''soluble'' metallic species (nanoclusters or colloids), and we are presently engaged in a collaborative effort to refute or support this alternative hypothesis.
[5a] In this context, we also tried to design new trinuclear areneruthenium cluster cations with functional substituents at [a] 4 ] shows a strong intramolecular hydrogen bond between the µ 3 -oxo ligand and the hydroxyl function, which even persists in acetone solution, as demonstrated by NMR spectroscopy. On the other hand, the hydroxy function of 3b was found to be free in the solid state as well as in solution, as shown by an X-ray crystal structure analysis and by NMR spectroscopy. The catalytic activities of the water-soluble trinuclear cations 3a and 3b for the hydrogenation of benzene to give cyclohexane under biphasic conditions are considerably different, the exo isomer 3b being more active than the endo isomer 3a.
one η 6 -moiety which could give rise to more stable catalysts which may be particularly active or selective.
Herein we report the synthesis and characterisation of a new chloro-bridged arene-ruthenium dimer, [RuCl 2 (indanol)] 2 (1) , which is used to synthesise a trinuclear cluster cation containing indanol as one of the three arene ligands: [H 3 Ru 3 (indanol)(C 6 Me 6 ) 2 
ϩ (3) . Surprisingly, 3 was obtained as a mixture of two isomers, 3a and 3b, which were easily separated by silica-gel chromatography. Single-crystal X-ray structure analyses of [3a] [BF 4 ] and [3b] [BF 4 ] have been performed to establish unambiguously the molecular structures of these two isomers. The different catalytic activities of 3a and 3b in the hydrogenation of benzene to cyclohexane under biphasic conditions are also discussed. This is the first time that indanol has been used as a ligand in ruthenium chemistry and that both the endo and the exo isomers of the corresponding complexes have been characterised by single-crystal X-ray crystallography.
Results and Discussion
The reaction of 2,3,4,7-tetrahydro-1H-inden-2-ol, accessible from the Birch reduction of commercially available 2-indanol, [6] with ruthenium() chloride hydrate, in refluxing ethanol, gives the chloro-bridged dimer [RuCl 2 (indanol)] 2 (1), which is obtained quantitatively as an orange powder Published in European Journal of Inorganic Chemistry 19, 3907 -3912, 2004 which should be used for any reference to this work (Scheme 1 ϩ (3b), in a 1:1 ratio. The oxo cap in the clusters 3a and 3b seems to arise from one of the H 2 O ligands in the precursors 2a and 2b. The hydroxy function of the indanol ligand is oriented towards the µ 3 -oxo cap of 3a, whereas it is bent away from the metal skeleton of 3b (Scheme 3). Compounds 3a and 3b are easily separated as their tetrafluroborate salts by preparative thin-layer silicagel chromatography. Scheme 3 Like the known analogues [H 3 Ru 3 (η 6 -arene)(η 6 -areneЈ) 2 
(O)]
ϩ , [1, 3, 9] compounds 3a and 3b also give rise to two hydride signals each in the 1 H NMR spectra, a triplet centred at δ ϭ Ϫ19.92 ppm for 3a and δ ϭ Ϫ20.07 ppm for 3b and a doublet centred at δ ϭ Ϫ19.30 ppm for 3a and δ ϭ Ϫ19.41 ppm for 3b, integrating for one and two protons, respectively. The isolated compounds [3a] [BF 4 ] and [3b] [BF 4 ] were analysed by single-crystal X-ray crystallography. The molecular structures of [3a] ϩ and [3b] ϩ are shown in Figure 1 .
While [3b] [BF 4 ] crystallises in a monoclinic space group with one cation and one anion in the asymmetric unit, in the case of 3a (triclinic space group) the asymmetric unit comprises two independent cations and two anions, two dichloromethane molecules, and half a molecule of dichloromethane disordered with half a water molecule. Only one molecule of 3a is shown in Figure 1 as the other one is identical.
In both 3a and 3b the metal core consists of three ruthenium atoms, the three RuϪRu distances being in accordance with a metalϪmetal single bond. The three ruthenium atoms are capped by a µ 3 -oxo ligand which is almost symmetrically coordinated. Selected bond lengths and angles are listed in Table 1 and 2 for 3a and 3b, respectively. The indanol ligand adopts an envelope conformation in which the five-membered ring is folded towards the ruthenium atom. The endo conformation of the indanol ligand in 3a allows a strong intramolecular hydrogen bond between the hydroxyl substituent and the µ 3 -oxo cap, the distances between the oxygen atoms and the hydroxide protons being 1.90 Å for molecule 1 and 1.84 Å for molecule 2. The triruthenium framework of the exo conformation in 3b shows intermolecular hydrogen bonds between the indanol ligand and the tetrafluoroborate ion, the distances between the hy- ϩ (left) and [3b] ϩ (right) with displacement ellipsoids at the 50% probability level; hydrogen atoms, except for the hydroxide proton, the three hydrido ligands and the α-hydrogen atom of the indanol moiety, are omitted for clarity Ru (1)ϪRu (2) 2.7892 (7) Ru (1)ϪRu (2)ϪRu (3) 59.053(17) Ru (2)ϪRu (3) 2.7565 (7) Ru (1)ϪRu (3)ϪRu (2) 61.069(18) Ru (1)ϪRu (3) 2.7332(6) Ru (2)ϪRu (1)ϪRu (3) 59.878(17) Ru (4)ϪRu (5) 2.7978(6) Ru (4)ϪRu (5)ϪRu (6) 59.338(17) Ru (5)ϪRu (6) 2.7627 (7) Ru (4)ϪRu (6)ϪRu (5) 60.965(18) Ru (4)ϪRu (6) 2.7525 (7) Ru (5)ϪRu (4)ϪRu (6) 59.697(18) Ru (1)ϪO (1) 2.014 (4) Ru (1)ϪO (1)ϪRu (2) 87.70(14) Ru(2)ϪO (1) 2.012(4) Ru (1) (2) 1.8025 H(2)ϪRu (3)ϪH (3) 85.9 Ru(3)ϪH (2) 1.6113 H(4)ϪRu (4)ϪH (6) 81.4 Ru(1)ϪH (3) 1.6563 H(4)ϪRu (5)ϪH (5) 79.2 Ru(3)ϪH (3) 1.6218 H(5)ϪRu(6)ϪH(6) 83.9 Ru(4)ϪH (4) 1.8259 Ru (5)ϪH (4) 1.5825 Ru(5)ϪH (5) 1.6071 Ru(6)ϪH (5) 1.8146 Ru(4)ϪH (6) 1.4543 Ru(6)ϪH (6) 1.9076 droxide proton and two of the fluorine atoms being 2.44 Å and 2.25 Å . The strong intramolecular hydrogen bond found in the solid state for 3a seems to persist also in acetone solution. The 1 H NMR spectrum of 3a in [D 6 ]acetone shows a welldefined doublet centred at δ ϭ 6.77 ppm, attributed to the proton of the OH group coupled to the α-proton of the indanol ligand, the coupling constant being 13 Hz. On the other hand, the 1 H NMR spectrum of 3b in [D 6 ]acetone shows a badly defined doublet centred at δ ϭ 4.44 ppm for the OH group, the coupling constant being 4.48 Hz (see Figure 2) .
The water-soluble cations 3a and 3b are indeed found to be catalytically active for the hydrogenation of benzene to 
Interatomic distances
Bond angles
Ru (1)ϪRu (2) 2.7717 (9) Ru (1)ϪRu (2)ϪRu (3) 59.59(2) Ru (2)ϪRu (3) 2.7437 (9) Ru (1)ϪRu (3)ϪRu (2) 60.72(2) Ru(1)ϪRu (3) 2.7405 (8) Ru (2)ϪRu (1)ϪRu (3) 59.70(2) Ru (1)ϪO (1) 1.994 (5) Ru (1)ϪO (1)ϪRu (2) 88.4(2) Ru (2)ϪO (1) 1.980 (5) Ru (1)ϪO (1)ϪRu (3) 86.7(2) Ru(3)ϪO (1) 1.997 (5) Ru (2)ϪO (1)ϪRu (3) 87.2(2) Ru (1)ϪH (1) 1.8944 H(1)ϪRu (1)ϪH (3) 89.9 Ru(2)ϪH (1) 1.5997 H(1)ϪRu (2)ϪH (2) 90.6 Ru(2)ϪH (2) 1.2305 H(2)ϪRu(3)ϪH(3) 95.4 Ru(3)ϪH (2) 1.7800 Ru(1)ϪH (3) 2.0056 Ru(3)ϪH (3) 1.3846 cyclohexane under biphasic conditions; they show a catalytic activity of 67 and 125 h Ϫ1 (average TOF), respectively, for a catalyst/substrate ratio of 1:1000, at 110°C under 60 bar of H 2 during three hours. The catalytic activity of 3a and 3b is not as high as that of the benzene analogue [H 3 Ru 3 (C 6 H 6 )(C 6 Me 6 ) 2 
(O)]
ϩ , which under the same conditions has an average catalytic turnover frequency of 296 h Ϫ1 . [4] After a catalytic run the cationic clusters 3a or 3b can be recovered unchanged from the aqueous phase in 90 to 95% yield. As a small quantity of black solid (presumably metallic ruthenium) is formed during the catalytic run, it is certainly possible, if not probable, [5a,5b] that the catalytic reaction involves highly dispersed metallic species (''nanoclusters'') formed by partial degradation of the catalyst precursor under hydrogen pressure. The difference in the catalytic activity of 3a and 3b could be due to the different stability of these clusters with respect to the formation of nanopart- icles under the catalytic conditions. Further work is underway in order to answer this question unequivocally.
[5a]
Conclusion
Indanol, C 9 H 9 OH, has been used as a ligand in ruthenium chemistry for the first time. The new dimeric complex [RuCl 2 (indanol)] 2 (1) serves as a dinuclear building block for the assembly of the isomeric trinuclear cluster cations [H 3 Ru 3 (endo-indanol)(C 6 Me 6 ) 2 
(O)]
ϩ (3a) and [H 3 Ru 3 (exo-indanol)(C 6 Me 6 ) 2 
ϩ (3b), isolated as their tetrafluoroborate salts. For the first time, both endo and exo isomers of a ruthenium indanol complex have been characterised by X-ray crystallography.
Experimental Section
General Remarks: All manipulations were carried out under an inert argon atmosphere using standard Schlenk techniques. Doubly distilled water was degassed and saturated with argon prior to use. Organic solvents used for chromatography were distilled under argon prior to use. Silica-gel G used for preparative thin-layer (20 ϫ 20 cm) chromatography was purchased from MachereyϪNagel GmbH. Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories, Inc. NMR spectra were recorded using a Bruker 400 MHz spectrometer and treated using the 1D WIN NMR spectroscopy software. The mass spectra were recorded at the University of Fribourg by Prof. Titus Jenny. Microanalyses were carried out by the Mikroelementaranalytisches Laboratorium, ETH Zürich (Switzerland). 2,3,4,7-Tetrahydro-1H-inden-2-ol was prepared by sodium reduction of 2-indanol in liquid ammonia. [6] The starting dinuclear dichloro complex [RuCl 2 (C 6 Me 6 )] 2 was synthesised according to published methods. [10] [RuCl 2 (indanol)] 2 (1): 2,3,4,7-Tetrahydro-1H-inden-2-ol (6 g, 44.4 mmol) was added to a solution of ruthenium trichloride hydrate (1.70 g, 6.5 mmol) in absolute degassed ethanol (100 mL) and the mixture was refluxed overnight. After cooling to room temperature, the resulting orange precipitate was filtered, washed with diethyl ether, and dried under vacuum to give pure [RuCl 2 (indanol)] 2 as an orange powder. Yield: 1.90 g (95% 3 ] 2ϩ (ca. one hour). The white precipitate of AgCl formed was removed from the aqueous solution by filtration through filter pulp. The resulting clear yellow filtrate was cooled in an ice bath for 30 minutes. In a separate 50 mL Schlenk tube, NaBH 4 (75 mg, 1.974 mmol) was dissolved in 15 mL of water at room temperature. After stirring for five minutes, the NaBH 4 solution was transferred very slowly through a cannula into the cooled [Ru(C 6 2 ] ϩ . The mixture was stirred at room temperature until the orange solid had completely dissolved. The solution was then transferred under argon into a 300 mL closed Schlenk pressure-tube and stirred under argon pressure (two atmospheres) at 60°C for 4 d. During this time the colour of the solution changed from black to red. After cooling to room temperature, the red solution containing 3a and 3b was filtered through filter pulp. A large excess (200 mg) of solid NaBF 4 was then added to the filtrate in order to precipitate the mixture of [3a] [BF 4 ] and [3b] [BF 4 ]. After stirring for one hour at room temperature, the red precipitate was centrifuged at 1500 rpm for 10 min and the aqueous solution was then removed from the centrifuge tube with a glass pipette. The red solid was dissolved in CH 2 Cl 2 and again filtered through filter pulp, in order to eliminate unreacted NaBF 4 . The solution was then concentrated to 15 mL in vacuo. The resulting concentrate was subjected to preparative thin-layer chromatography on silica-gel using CH 2 Cl 2 /acetone (2:1) The structure was solved by direct methods using the program SHELXS-97 [11] and refined by full-matrix least-squares on F 2 with SHELXL-97. [12] The six hydrido ligands (H1, H2, H3, H4, H5 and H6) and the two hydrogen atoms (H5a and H5b) of the water molecule were derived from difference Fourier maps and refined with the RuϪH and OϪH distances constrained to the theoretical value; the remaining hydrogen atoms were included in calculated positions and treated as riding atoms using the SHELXL-97 default parameters. All non-hydrogen atoms were refined anisotropically, except for one dichloromethane molecule which is shared with a water molecule. One BF 4 counteranion is disordered. An empirical absorption correction was applied using DIFABS (PLATON99, [13] T min. ϭ 0.348, T max. ϭ 0.768). The structure was solved by direct methods using the program SHELXS-97 [11] and refined by full-matrix least-squares on F 2 with SHELXL-97. [12] The three hydrido ligands H1, H2 and H3 were derived from difference Fourier maps and refined with the RuϪH distance constrained to the theoretical value; the remaining hydrogen atoms were included in calculated positions and treated as riding atoms using the SHELXL-97 default parameters. All non-hydrogen atoms were refined anisotropically. An empirical absorption correction was applied using DIFABS (PLATON99, [13] T min. ϭ 0.139, T max. ϭ 0.611). All of the tested crystals were twinned; the structure was solved and refined on data collected from one domain of such a crystal.
Crystallographic details are given in Table 3 and significant bond lengths and bond angles are listed in Table 1 (3a) and Table 2 (3b). The figures were drawn with ORTEP. [14] CCDC 
